1-3)
These planthoppers directly or indirectly cause serious damage to rice plants. Plant wilting and hopper burn, which are based on sucking the plant sap and ovipositing in plant tissues by these planthoppers, are known as direct damage, 2, 4) and such viral diseases of rice as grassy stunt and ragged stunt transmitted by N. lugens 5) and rice blast disease transmitted by S. furcifera 6) are known as indirect damage. Although rice plants suffer serious damage by these planthoppers, it has been reported that some Japonica rice plant varieties showed resistance to S. furcifera.
3)
Sogawa 3) first confirmed that egg mortality at the early stage increased with the discoloration or change from a green color to brownish color of the rice plant leaf sheath at the ovipositional site by S. furcifera. Suzuki et al. 7) have reported that some Japonica rice varieties rapidly formed watery lesions at the ovipositional site by S. furcifera and that the egg mortality of S. furcifera was apparent in these watery lesions. These watery lesions contained an ovicidal compound against the eggs of S. furcifera, the compound being determined as benzyl benzoate which caused a high rate of egg mortality. 7) The production of the ovicidal compound, benzyl benzoate, against the eggs of S. furcifera seemed to be induced by certain ovipositional behavior of S. furcifera. The Japonica rice plant varieties therefore seem to respond to something involving certain ovipositional behavior of S. furcifera and produce the ovicidal compound. The mechanism for producing the ovicidal compound by the rice plant with certain ovipositional behavior of S. furcifera has remained unknown. 8, 9) We therefore attempted to elucidate the mechanism by which the Japonica rice varieties induce the production of benzyl benzoate only when S. furcifera lays her eggs in the plant.
Materials and Methods
Insects. Stock colonies of S. furcifera were successively reared on rice seedlings (cv. Nihonbare) at 25 AE 1 C in a relative humidity of 60% with 16/8 h (L/D) illumination.
Rice plants. The rice plants (cv. Natsuhikari) for extraction were cultivated in a greenhouse without any insecticidal treatment after the seedlings had been individually planted in plastic cups (3 cm i.d. Â 6 cm).
Extraction of the insects. The insects obtained from stock colonies were immediately crushed with a mortar, and the homogenate was extracted for 1 d with H 2 O (the homogenate) or 80% methanol in H 2 O (the methanol extract).
Bioassays. The stems (2 cm length) of the rice plant at several leaf stages were damaged in different ways by needles. The following needle damage was given: damage only by a needle (method C), damage by injecting 0.2 mL of H 2 O with a syringe (method D), damage by injecting 0.2 mL of H 2 O containing the homogenate of S. furcifera (20 females equivalent) with a syringe (method E), and damage by injecting 0.2 mL of H 2 O containing the methanol extract of S. furcifera (20 females equivalent) with a syringe (method F) as shown in Fig. 1 . In addition to these damage methods, stems (2 cm length) of the intact rice plant were prepared as a negative control (method B), and stems (2 cm length) of the rice plant oviposited by S. furcifera were prepared as a positive control (method A).
The rice plants were grown in a greenhouse for one week after the damage treatments. The parts (2 cm length) with the treatments were extracted twice for 2 d with 500 mL of methanol after measuring the weight. A portion of the extract solution exactly adjusted to a 800-mLvolume was submitted to an HPLC analysis (Inertsil ODS-3 column, 4.6 mm i.d. Â 250 mm, GL Science; 0.8 mL/min flow rate; photodiode array detection at 238 nm; linear gradient solvent system from 60% acetonitrile in H 2 O containing 1% acetic acid to 100% acetonitrile containing 1% acetic acid for 16 min) to detect the amount of benzyl benzoate produced. Benzyl benzoate was eluted at 11.2 min from the column. The retention time and UV spectrum (max. 238 nm) completely coincided with those of an authentic sample (Nakalai Tesque, Japan).
Instruments. The HPLC system consisted of an SCL-10A VP system controller (Shimadzu, Japan), 10AD VP pump (Shimadzu, Japan), SIL-10AD VP auto-injector (Shimadzu, Japan), SPD-10A VP y To whom correspondence should be addressed. Fax: +81-88-864-5186; E-mail: joyang12@gmail.com detector (Shimadzu, Japan) and CTO-10AC VP oven (Shimadzu, Japan).
Statistical analysis. The results obtained are expressed as the mean AE SE. Statistically significant differences were assessed by Student's t-test, p-values of <0:05 and <0:01 being considered significant.
Results and Discussion
The elicitor in the female of S. furcifera that induced the rice plant to produce the ovicidal substance, benzyl benzoate When S. furcifera lays her eggs in the rice plant, S. furcifera perforates the stem or leaf sheath of the rice plant by using her ovipositor and then inserts her eggs from the opening into the internal tissue of the rice plant. In order to reproduce this ovipositional behavior towards the rice plant by S. furcifera, a stem (2 cm length) of the rice plant at the 10 leaf stage was perforated by 50 needles (Fig. 1 ). This resulted in many holes remaining on the surface of the rice plant, and the damage reached the internal tissue of the plant.
The injection of 0.2 mL of water (method D) into the holes by a syringe caused discoloration or changing from a green color to brownish color of the rice plant leaf sheath, while the formation of watery lesions around the wounds was apparent in the test plant. The amount of benzyl benzoate produced by the treatment was 1:14 AE 0:24 mg/g of fresh rice plant, which was almost same as that for the intact plant (method B; 0:51 AE 0:07 mg/g of fresh rice plant) and for the treatment by only physical damage (method C; 1:35 AE 0:03 mg/g of fresh rice plant) as shown in Fig. 2 . These results clearly indicate that the physical damage by needles hardly made the rice plant form only watery parts around the wounds, but also induced the production of the ovicidal substance, benzyl benzoate, against the eggs of S. furcifera. Discoloration or changing from a green color to brownish color of the rice plant leaf sheaths was caused by physical damage. It is obvious that the discoloration and brownish change in the sheaths was not associated with the resistance of the Japonica rice varieties against S. furcifera. Our results were different from the observations by Sogawa, 3) but similar to those by Suzuki et al.
7)
Injecting 0.2 mL of H 2 O containing the homogenate of S. furcifera (method E) or 0.2 mL of H 2 O containing the 80% methanol extract of S. furcifera (method F) to the wounds by syringe, on the contrary, resulted in both treatments and the ovipositional behavior by females of S. furcifera making the plant form watery and brownish parts around the wounds and significantly induced the production of benzyl benzoate. The treatment containing the 80% methanol extract induced the production of the benzyl benzoate more than that of the homogenate. The respective amounts of benzyl benzoate produced were 9:51 AE 2:20 mg/g of fresh rice plant (method F) and 3:86 AE 1:19 mg/g of fresh rice plant (method E). The treatment with the methanol extract induced the highest production of benzyl benzoate among all the treatments and higher than that by the ovipositional behavior of females of S. furcifera (method A; 6:15 AE 1:43 mg/g of fresh rice plant). These results obviously show that the production of the ovicidal substance, benzyl benzoate, by the rice plant was based on the presence of a chemical(s) in S. furcifera. In other words, production was based on the ''elicitor'' being in S. furcifera. This elicitor would be indispensable to induce the production of benzyl benzoate by rice plants, although its presence would not be not a sufficient condition. Only when the elicitor was accompanied by physical damage, for example, by the ovipositor of S. furcifera, was benzyl benzoate induced by the rice plant. In addition to these factores, sufficient sun light was also an important factor to induce the production of benzyl benzoate (9:78 AE 2:06 mg/g of fresh rice plant). The test plants put in a climate chamber at (25 C) induced less production of benzyl benzoate (Fig. 3) , even when the temperature and humidity in a climate chamber were varied. Even if the test plants were put in an outdoor greenhouse with cloudy or rainy days during the test periods, the test plants also induced them less. The test plants were therefore kept in an outdoor greenhouse for one week after several treatments in order to give the test plants a sufficient amount of sun light (Fig. 3) . Sun light is also indispensable to induce the production of benzyl benzoate by rice plants.
To elucidate the difference between gender, the 80% methanol extracts of males (20 insects equivalent) and females (20 insects equivalent) were respectively tested as shown in Fig. 4 . When the male extract in 0.2 mL of H 2 O was applied to the holes by a syringe, the treatment did not result in the rice plant forming a watery part around the wounds and did not induce the production of benzyl benzoate (0:81 AE 0:35 mg/g of fresh rice plant) as the control (0:71 AE 0:31 mg/g of fresh rice plant). The female methanol extract obviously made the plant form a watery part around the wounds and significantly induced the production of benzyl benzoate (10:16 AE 0:87 mg/g of fresh rice plant), 0.2 mL of H 2 O with the female methanol extract (20 insects equivalent) was injected by syringe into the wounds. These results indicate that only females of S. furcifera had the elicitor(s), and that the female secreted something including the elicitor during her ovipositional behavior or that the elicitor(s) was present in or on the egg.
There have been many reports about ''elicitors.'' Bruchins, long-chain , !-diols, esterified at one or both oxygens with 3-hydroxypropanoic acid, are elicitors of direct plant resistance against bruchid beetles.
10)
Fatouros et al. 11) have discovered that benzyl cyanide was an oviposition-associated elicitor isolated from accessory glandular secretions by cabbage white butterfly (Pieris brassicae) females when laying eggs. Proteinaceous elicitors of oviposition-associated indirect plant defense against herbivores are also thought to be present in the pine sawfly, D. pini. 12) These examples show that the resistance mechanism was induced in the plant after receiving the elicitor secreted by the insect.
Response of rice plant at several leaf stages to the methanol extract of the female of S. furcifera
In order to elicit the effect of plant age on the production of benzyl benzoate, the response of rice plants at several leaf stages to the methanol extract of females of S. furcifera was investigated. As shown in Fig. 5 , the rice plants at the 8-or 9-leaf stage induced little production of benzyl benzoate as well as the control when the 80% methanol extract with 20 females equivalent was applied by syringe in the hole.
In contrast, the rice plants at the 10-(6:12 AE 2:30 mg/g of fresh rice plant) or 11-(5:38 AE 1:30 mg/g of fresh rice plant) leaf stage induced the production of benzyl benzoate by the treatment. In particular, the plant at the 10-leaf stage showed high response to the extract and significantly produced benzyl benzoate in a high amount.
It has been reported that S. furcifera migrates from the central part of the Chinese continent to Japan every June with the baiu front.
13) It is interesting that the time of this migration from South China to Japan almost coincides with the time for rice plants at the 10-or 11-leaf stage in Japan. 14) This fact is surprising in view of the co-evolution between the pest and plant. Suzuki et al. 7) have suggested that rice stage-dependent physiological egg mortality might explain why the population growth rate varies when the immigrant density is low. Honda et al. 15) have shown that the population growth of S. furcifera from the immigrant and the first reproductive generation was higher in June-transplanting than in May-transplanting. As shown in Fig. 5 , we elucidated that rice plants younger than the 10-leaf stage had less ability to produce benzyl benzoate even when receiving the elicitor. Our results and the foregoing observations in the paddy field might be closely linked to each other. That is, the production ability of benzyl benzoate in a rice plant might determine the reproductive rate of S. furucifera in the early stage. Interdisciplinary studies and the accumulation of data in the laboratory and field would be needed to clearly elucidate these relationships. Preliminary separation at the moment has revealed that the elicitor was stable to drying by an evaporator at 30 C, being passed through a 0.2-mm membrane filter, and eluted by using 100% methanol and 100% ethanol in a reverse-phase ODS column. These results would suggest that the elicitor was not a protein but a relatively non-polar compound with a low molecular weight like lipids. Lipids are generally distributed on the surface of eggs and the ovipositor of insects as cuticular lipids. [16] [17] [18] This information may help us to confirm the structure of the elicitor.
A structural determination of the elicitor will be conducted and the reason why the Japonica rice plant varieties only kill the eggs of S. furcifera and not those of N. lugens and L. striatellus will also be elucidated in the near future.
In conclusion, benzyl benzoate was induced by the elicitor(s) in S. furcifera, females only had the elicitor(s), the elicitor(s) accompanying the physical damage induced the production of benzyl benzoate, and the rice plant required sufficient sunlight for one week to produce benzyl benzoate after receiving the elicitor with physical damage.
